In a full-digital massive multi-user MIMO system, maximal-ratio combining (MRC) can obtain more considerable diversity gain while inter-stream interference (ISI) and multi-user interference (MUI) can be canceled using minimum mean square error (MMSE) algorithm. This letter evaluates the throughputs of detection schemes for different antenna numbers in the massive MIMO system with low-resolution analog-to-digital converters (ADCs). The letter makes a comparison between MRC and MMSE under quantization range limit. Numerical results show that MRC achieves better system performance with lower implementation complexity as the number of antennas increases.
Introduction
In the next generation mobile communication system, much higher area data throughput is required to manage the global demand for the continuously growing wireless data traffic [1] . It can achieve a multiple times larger bit rate by improving spectral efficiency (bits/s/Hz/cell) without the need for more bandwidth or additional base stations. Since a large number of the base station (BS) antennas effectively averages out noise and fading, and reduces the multi-user interference to a certain extent, massive MIMO is considered as a key technology.
Full digital massive MIMO deployment is difficult to realize because high-resolution analog-to-digital converters (ADCs) produce primary power consumption. Owing to its favorable property of low cost and low power consumption, low-resolution ADCs (1~4 bits) have also been worth paying attention [2] [3] [4] . Reference [2] proves that an appropriate quantization range limit (clipping) can relieve the distortion in a single-input single-output OFDM system. In [3] , the performance of single-carrier modulation in a massive MIMO system with low-resolution ADCs is analyzed while OFDM is assumed in this letter. In [4] , it is shown that a minimum mean square error (MMSE) algorithm can achieve better BER using low-resolution ADCs in a hybrid analog-digital system with a large number of BS antennas. MMSE detection demands a large amount of computational complexity for matrix inversion while it achieves near-optimal performance. Maximal-ratio combing (MRC), as one beamforming scheme, can also be applied at the receiver of full-digital massive MIMO to achieve the maximum receive signal-to-interference-plus-noise ratio (SINR) [5] .
In this letter, the achievable uplink rates of MRC and MMSE with the quantization range limit and with the different numbers of BS antennas are evaluated and compared. Residual multi-user interference (MUI) caused by low-resolution ADCs limits the system throughput even though MMSE is applied. On the other hand, when low-resolution ADCs are used, MRC achieves comparable throughput performance as that of MMSE. Thus, MRC is more suitable owing to its lower complexity. The single-cell uplink system shown in Fig. 1 is assumed. We consider a 
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where S '( [ ] is the transmit signal from the th antenna of the th user on the th subcarrier, EF is the length of a cyclic prefix, and '( [ ] is the transmit signal at the th time index. The received signal of the th antenna of the BS is given as With the assumption of identical low-resolution ADCs, the in-phase and quadrature components of the received signal of the th antenna are quantized by the ADCs of -bit resolution as follows,
where (. ) represents quantization; ℛ(. ) and (. ) denote the real and imaginary parts, respectively. The quantization through the ADCs worsens the accuracy of channel estimation and deteriorates the system performance. The quantization noise is given as,
(4) The receiver removes the cyclic prefix and put into a discrete Fourier transform (DFT) block. The signal on the th subcarrier is then given as,
where,
and
is the thermal noise that is given by,
2.2 Channel Estimation Least-square (LS) estimation is employed for channel estimation [6] as follows. Suppose that data symbols are mapped at the subcarriers with the indices from the ( )th to the ( + pE − 1)th subcarrier, where pE is the number of active subcarriers, and a channel response is estimated for each subcarrier. The transmit active subcarriers are divided as = ( pE / ) blocks in frequency domain, where is the number of subcarriers in one block. ptI = / OFDM symbols are required when the uplink pilots for streams are inserted at each V IEICE Communications Express, Vol.1, 1-6 subcarriers to estimate channel responses.
The channel in the th block is estimated during a channel estimation period. The subcarrier index, { }, in the th block is from ( − 1) + to . The estimated channel for the th block is 
where
'( y is the maximum ratio combining or minimum mean square error detection coefficients in the vector form, they are given as MRC:
Or MMSE:
where x is the channel estimation response including estimation error, and '( [ ] is the channel responses between the th antenna of the th user and the base station antennas in the vector form,
[ ] is the quantization noise vector given as
Finally, \] š > is the sum of the variance of the thermal noise and the quantization noise.
Proposed ADC Design
In the proposed ADC, the quantization range is given as
where is the coefficient of the quantization range that is relative to (| I [ ]|),
is derived through the output of the power detector equipped in each antenna of the BS, and ∆ is the quantization step-size. The quantization range is adjusted via the coefficient and the quantization converts the real input signal to a real-valued output, « , for = 1,2, … , 2 ¾ . The th output value after ADCs is defined as
Thus, its value is adjusted for suppressing extra noise. Since each antenna element of the massive MIMO system generally receives a weak signal, the amplitude of which is smaller than that of the thermal noise and limiting the quantization range improves the signal quality after combining in the receiver.
Numerical Results
Simulation Conditions
Computer simulation conditions are presented in Table I . The massive MIMO BS receives signals with = 128 or 1024 antenna elements. In MU transmission, there are eight users (each user with @ = 2 antennas) that communicate with the BS simultaneously. The antenna spacing is 0.5λ at the BS and 1.0λ at each user, where λ is the wavelength. The number of active subcarriers is 1200 while the DFT size is 2048. The number of blocks is 150 and the number of subcarriers per block is 8. Since the number of symbols for channel estimation is two, the number of signal streams whose channel responses can be estimated with Zad-off Chu sequences as orthogonal sequences is 16. As a channel model, i.i.d. Rayleigh fading is assumed. The resolution of ADCs is selected from 1, 2, 3, 4, or infinite bits. System throughput is the total rate of eight users. The number of trials for each plot is 10000.
System Performance
Performance of MRC and MMSE with low-resolution ADCs under different amounts of antennas is presented in Fig. 2 . As shown in Figs. 2(a) and (b) , when the number of antennas is 128, the performance with infinite ADCs is not only limited by MUI, but also the over-clipping of the original signal deteriorates the channel estimation accuracy. With infinite ADCs, MMSE detection is better due Because of a limited number of BS antennas, low-resolution ADCs has produced severe bit error rate (BER) in a TDD OFDM system. In a massive MIMO system, a large number of BS antennas can be equipped to reduce the BER. However, the MMSE signal detection algorithm involves matrix inversion with large complexity (especially in massive MIMO). MRC can avoid complicated matrix inversion. In Fig. 2(c) and (d) , they are clear that the performance of MRC with 1024 antennas is as good as MMSE. MRC can achieve even better performance than that of MMSE with 1, 2, 3-bit ADCs. 
Conclusions
The different signal detection algorithms used by the uplink receiver in a multi-user massive MIMO system are compared. Under a large number of BS antennas, MMSE with higher resolution ADCs is better than MRC, although the matrix inversion operation demands a large amount of computational complexity. On the other hand, MRC can achieve equivalent or even better performance, especially with low-resolution ADCs. The system throughput realized in MRC with 2-bit ADCs is almost the same as that with infinite resolution ADCs and MRC can achieve better performance than MMSE with 1, 2, 3-bit ADCs. In addition, it requires less computational complexity. Therefore, MRC is more suitable as the number of BS antenna elements increases in a full-digital massive MIMO with low-resolution ADCs. 
